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Analysis of organic compounds in aerosol particles using real-time single particle techniques
is difficult because of extensive fragmentation that occurs in the laser desorption/ionization
step. In an effort to avoid such fragmentation processes, we coupled a “soft” two-step laser
desorption/ionization technique (L2MS) with aerosol time-of-flight mass spectrometry (AT-
OFMS). In these studies, we find this combination preserves intact organic molecules while
providing the real-time mass spectra of suspended aerosol particles. Mass spectra of particles
analyzed by one-step desorption mass spectrometry and L2MS are presented for comparison.
These include 2,4-dihydroxybenzoic acid as a test case and wood and cigarette combustion
particles as real world examples. This is the first published demonstration of L2MS performed
on single particles not deposited on a substrate prior to analysis. (J Am Soc Mass Spectrom
1998, 9, 1068–1073) © 1998 American Society for Mass Spectrometry
Research involving the development of methodsfor aerosol analysis has escalated in recent yearsbecause of increasing interest in the role of
aerosol particles in tropospheric heterogeneous chem-
istry, as well as the relationship that has been suggested
between high particle concentrations and increased
human morbidity [1, 2]. One of the primary goals of
researchers performing particulate analysis in the am-
bient environment involves the characterization of or-
ganic species in particles. Unfortunately, using single
particle mass spectral analysis methods, definitive de-
tection and speciation of organic compounds present in
individual particles is difficult as extensive fragmenta-
tion often results during the desorption/ionization pro-
cess involved in these studies [3].
A number of techniques are used to desorb organic
compounds with low volatility from surfaces for anal-
ysis by mass spectrometry. Some of these include
matrix assisted laser desorption/ionization (MALDI) [4,
5], fast atom bombardment (FAB) [6, 7], plasma desorp-
tion (PD) [8], and laser desorption (LD) [9–11]. MALDI,
for example, uses a single laser pulse from a nitrogen
(337 nm), CO2 (10.6 mm), or a Nd:YAG (355 or 266 nm)
laser to perform the desorption and ionization pro-
cesses. MALDI requires the analyte of interest to be
mixed with a “matrix” compound in order to yield
intact molecular ion information. Single-step laser de-
sorption and ionization is used for both on-line as well
as surface-deposited single particle analysis and is
typically performed using an excimer (193 nm) or
Nd:YAG laser (266 nm) [3, 5, 11].
Two-step laser desorption/ionization mass spec-
trometry (L2MS) is a technique that has proven very
useful for obtaining molecular ion information from
complex organic mixtures, including amino acids [12],
metalloporphyrins [13], and polycyclic aromatic hydro-
carbons (PAH) in a variety of matrices, including motor
oil, soot, meteoric residues, interplanetary dust parti-
cles, water droplets, and kerogens [14–19]. To date,
L2MS applications have been used to characterize or-
ganic compounds with lower molecular weights than
those typically analyzed using MALDI.
L2MS decouples the desorption process from the
ionization process by using a different laser for each
step. By decoupling desorption from ionization, L2MS
provides the added flexibility of allowing both laser
power and wavelength to be optimized independently
for each step. For the desorption process, it has been
shown that an infrared laser, typically a CO2 laser,
efficiently desorbs most molecules. The ionization step
is performed subsequently with a UV laser at typical
wavelengths of 193, 248, 266, or 308 nm [10, 12–25].
Because of L2MS’s ability to produce unfragmented
organic molecular ions with a minimum of preparation
steps, it appears to be well suited for the analysis of
single aerosol particles. To date, the primary way in
which L2MS has been performed on aerosol particles
involves placing the sample of interest on a substrate
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and then desorbing the analyte from that surface.
Generally, it is extremely time consuming to insure that
only one aerosol particle is analyzed with each laser
shot. In addition, the role the substrate plays (if any) in
the desorption and ionization processes is not well
understood for single particles [9, 10, 26].
In this paper, we explore the possibility of combining
the L2MS technique with a single particle analysis
technique ATOFMS [27, 28], for on-line analysis of both
the chemical composition and aerodynamic diameter of
single organic particles. In studies to date, the ATOFMS
system uses a Nd:YAG (266 nm) laser to desorb and
ionize chemical species from single particles. The AT-
OFMS system is especially effective with regard to
inorganic speciation in the ambient atmosphere [3, 28].
However, because of the fact that one laser is used to
both desorb and ionize molecules from the particles,
laser powers in excess of 108 W/cm2 are typically
required in order to detect as many chemical species as
possible. This usually results in extensive molecular
fragmentation for the majority of organic compounds.
In contrast, as shown in this paper, using the L2MS
technique laser power densities as low as 107 W/cm2 for
the desorption process and 106 W/cm2 for the ioniza-
tion process result in molecular ion signals with a
relatively high signal-to-noise ratio. These power den-
sities are consistent with previous reports of L2MS
using surface desorption.
Using ATOFMS, we demonstrate that intact organic
molecular ions desorbed and ionized from individual
particles can be obtained. In addition to lab generated
aerosols, results from real world samples of sidestream
cigarette smoke and wood smoke are presented, show-
ing the formation and detection of higher mass molec-
ular ions than in the mass spectra obtained when using
only a single desorption/ionization laser.
Experimental
For completeness, a brief description of the lab-based
ATOFMS instrument is given here. A more thorough
description appears elsewhere [27, 28]. Aerosol particles
are introduced through a converging nozzle and pass
through three successive regions of differential pump-
ing. During this process, particles are accelerated to a
terminal velocity proportional to their aerodynamic
diameter.
In the sizing region, a given particle crosses two
continuous wave Ar1 laser beams separated by 5.4 cm.
The light scattered as the particle crosses the laser
beams is collected and detected by two photomultiplier
tubes, which report the time delay between scattering
events to a timing circuit. The distance between the
beams is divided by this time delay to give the particle
velocity, which is proportional to aerodynamic diame-
ter [28]. This velocity is used by a timing circuit to fire
a pulsed laser to coincide with the particle’s time of
arrival in the ion source of the TOFMS, desorbing
molecules from the particle and ionizing the resulting
molecules for analysis by the mass spectrometer. Ions
are detected with a microchannel plate and recorded
with a PC-based 500 MHz digital to analog transient
recorder (DA500, Signatec, Corona, CA). In this man-
ner, the ATOFMS system is capable of obtaining the
aerodynamic diameters and reflectron time-of-flight
mass spectra of up to 10 individual particles per second,
depending on particle concentration. Using the lab-
based ATOFMS instrument, either a positive or nega-
tive ion mass spectrum can be acquired of each sized
particle traveling the path necessary to make it into the
beam spot of the desorption/ionization laser.
The two types of combustion particles studied dur-
ing this experiment were generated by burning a piece
of wood or a Kentucky 1R1F research grade cigarette
(U. of Kentucky, Lexington, KY). The wood smoke was
sampled into a five gallon glass bottle while side stream
cigarette smoke was introduced directly into the instru-
ment. Reference particles of 2,4-dihydroxybenzoic acid
(DHB) (Fluka Chemical, Ronkonkoma, NY) were gen-
erated using a vibrating orifice aerosol generator
(VOAG, Model 3450, TSI, Minneapolis, MN).
Single step laser desorption/ionization (LDI) was
performed with a frequency quadrupled Nd:YAG laser
(Model NY81C, Continuum, Santa Clara, CA) operating
at 266 nm with typical laser power densities of 5 3
106–1 3 107 W/cm2.
For the L2MS experiments, particles were desorbed
using a CO2 laser (Model TEA-840, Lumonics, Ontario,
Canada) operating at 10.6 mm with a typical power
density of 5 3 107 W/cm2 and a focal area of 3.2 3 1022
cm2 at the point of particle desorption. Desorbed mol-
ecules were ionized by the Nd:YAG laser operating at
266 nm with a typical power density of 5 3 106 W/cm2
and a focal area of 1.3 3 1022 cm2 at the point of particle
ionization. The firing of the CO2 laser preceded that of
the Nd:YAG laser by a delay of 0.6 to 1.2 ms. The
user-selectable parameters of the ATOFMS timing cir-
cuit were modified for the L2MS experiments and were
used to set the delay between desorption and ionization
events with the addition of a delay generator (Model
SRS DG-535, Stanford Research Systems, Sunnyvale,
CA). As shown in Figure 1, the desorption and ioniza-
tion lasers were introduced, counterpropagating, into
the instrument. The CO2 laser was introduced through
a KCl window to allow the Nd:YAG laser beam to exit
the system.
The energies per pulse for the two lasers were
determined using a JD-2000 energy/power meter
(Molectron Detector, Portland, OR) for the CO2 laser
and an EPM-1000 (Molectron Detector, Portland, OR)
for the Nd:YAG laser. In the L2MS experiments, each
laser was adjusted to power densities just below the ion
detection threshold (i.e., the power required to produce
ions using a single LDI laser).
Verification that the particles were indeed desorbed
and ionized by different lasers was accomplished by
shutting down one laser at a time and observing a
corresponding sharp decline in the number of mass
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spectra acquired. Approximately 10% of the particles
that were tracked/sized with the timing circuit pro-
duced detectable mass spectra for the two-step tech-
nique. In contrast, using the same power density for
single step LDI with the Nd:YAG, only 0.1% of the
tracked/sized particles produced mass spectra. At this
time, we attribute the 0.1% single step LDI mass spectra
to desorption/ionization of particles located in nonuni-
form portions of the Nd:YAG beam profile (“hot
spots”), where there are much higher localized laser
power densities than the average determined from the
power meter. For the experiments in this paper, the ion
detection threshold for the 266-nm radiation was ap-
proximately 4 3 106 W/cm2 for DHB and cigarette
smoke and 7 3 106 W/cm2 for wood smoke.
Results and Discussion
1-mm-diameter 2,4-dihydroxybenzoic acid (DHB) parti-
cles were generated to initially evaluate the effective-
ness of performing L2MS on single particles of known
composition in real time. DHB was chosen because it
absorbs well at 266 nm. The mass spectra in Figure 2
show a comparison of the single step laser desorption/
ionization technique and L2MS. Figure 2a represents
the averaged mass spectrum of 50 single DHB particle
mass spectra obtained from single Nd:YAG (266 nm)
laser events with a measured average laser power
density of 4 3 106 W/cm2. From Figure 2a, it is evident
that the primary fragment is m/z 137, representing
hydroxyl loss from the molecular ion (M 2 OH1). Also
present is the DHB molecular ion (m/z 5 154), in
lower abundance, and several other fragment ion peaks.
Although not shown here, as the power density is
increased to over 1 3 108 W/cm2, the molecular ion
disappears and the ion abundances of m/z 5 137 and
lower molecular weight fragments increase.
Figure 2b shows the average of the mass spectra of 90
single DHB particles obtained by L2MS where the IR
desorption pulse preceded the UV ionization pulse by
1.05 ms. The primary peak in this averaged mass spec-
trum is m/z 5 154 (M1) along with M 2 OH1 (m/z 5
137) mass peak. Besides the molecular ion and the M 2
OH1 peaks, essentially no other fragment ions are
present. The average power densities for the L2MS
experiment were 5 3 107 W/cm2 for the CO2 desorption
laser and 4 3 106 W/cm2 for the Nd:YAG ionization
laser. The spectra in Figure 2 were averaged in order to
enhance the ion signal-to-noise ratio, which is low for
the single particle events, when performing L2MS on
DHB. Even though the nominal power density is the
same for both the single step LDI process as well as the
ionization step in the L2MS experiment, we believe, as
mentioned above, that “hot spots” were most likely
responsible for the detected single step LDI generated
ions, resulting in the averaged spectrum shown in
Figure 2a.
It is apparent from Figure 2a, b that significantly less
fragmentation of DHB is obtained when using L2MS
than with single-step laser desorption/ionization. The
results in Figure 2 demonstrate the feasibility of per-
forming L2MS on single particles in real time, yielding
the molecular ion of a model compound.
Once L2MS was successfully coupled with ATOFMS
using a model compound, L2MS was tested on particles
Figure 1. Schematic of the two step laser desorption/ionization
ATOFMS. Light scattering is detected by photomultiplier tubes
and sent to a timing circuit. The timing circuit controls the timing
of the desorption pulse and the delay generator controls timing
between desorption and ionization pulses. The CO2 laser (10.6
mm) fires between 0.6 and 1.1 ms before the Nd:YAG laser (266 nm)
fires. Ionized molecules are detected by an ATOFMS.
Figure 2. Mass spectra of 2,4-dihydroxybenzoic acid. (A) Aver-
age of 50 mass spectra each obtained with a single laser pulse from
an Nd:YAG laser (266 nm). Power density 5 4.34 3 106 W/cm2.
(B) Average of 90 mass spectra obtained by the L2MS technique.
Power density 5 5.4 3 107 W/cm2 for CO2 (10.6 mm) and 4.34 3
106 W/cm2 for Nd:YAG (266 nm). Time delay between desorption
and ionization laser was 1.05 ms.
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composed of complex organic mixtures from combus-
tion sources. Cigarette and wood smoke were chosen
because prior analysis using ATOFMS with a single-
step desorption/ionization yielded extensively frag-
mented organic species.
Figure 3a, b shows examples of typical mass spectra
obtained from single sidestream cigarette smoke parti-
cles using both one- and two-step desorption/ioniza-
tion, respectively. As shown in Figure 3a, when only a
single laser is used for the LDI process, the compounds
originally present on a single cigarette smoke particle
are almost completely fragmented down to C2
1 to C4
1
with the only high mass ion peak at m/z 5 137
possibly being hydroxybenzoic acid. The Nd:YAG laser
power was 2 3 107 W/cm2.
Figure 3b shows a representative mass spectrum
obtained from L2MS of a single cigarette smoke parti-
cle, showing very few ions below m/z 100, and carbon
envelopes extending from approximately m/z 5 108 to
over 320. There are a number of peaks of high ion
abundance at m/z 5 128, 178, 202, 216, and 228 that
can be tentatively assigned as various PAH isomers.
These peaks are reproducible from shot to shot when
performing L2MS. Figure 4 shows possible structures,
which are the base skeletal structure of various PAH
compounds with masses consistent with those peaks in
Figure 3b. The multitude of other less abundant ions in
the spectrum are possibly other PAH derivatives (i.e.,
alkylated) and other organic species. The PAH peaks at
the mass-to-charge ratios discussed above were tenta-
tively assigned based on prior assignments by
Kovalenko et al. using a 266-nm ionization laser [16]
and the quantitation work by Rogge et al. for cigarette
smoke particles [29]. However, positive identification
cannot be made for a given mass-to-charge ratio until
selective ionization wavelength techniques are used or
off-line analysis of collected particle samples is per-
formed.
When running the cigarette smoke experiment, it
was found that the laser power of the CO2 laser had to
be attenuated relative to that used in the DHB and
wood smoke experiments because of the substantial ion
signal generated when using only the CO2 laser. As a
result, a power density of 1 3 107 W/cm2 was used to
desorb molecules from the cigarette particles; however,
the Nd:YAG laser power density remained the same as
in the DHB L2MS experiment at 4 3 106 W/cm2. This
seems to indicate that the cigarette smoke chemical
composition absorbs 10.6 mm radiation more efficiently
than either DHB or wood smoke.
Even though PAHs make up a very small percentage
of the total mass of chemical species present in tobacco
smoke [29], the mass spectrum exaggerates the preva-
lence of PAH compounds versus other organic com-
pounds because of the fact that 266-nm light induces a
resonant ionization process for many PAHs. Many
other compounds present on single cigarette smoke
particles do not resonantly absorb at 266 nm, and as a
result of this and the low laser fluence, they are not
readily ionized and detected. As a result, the majority of
Figure 3. Individual sidestream cigarette smoke particles. (A)
Obtained with a single Nd:YAG pulse (266 nm) at a power density
of 1.7 3 107 W/cm2. Note that most of the organic carbon is
present as low mass fragments. (B) Using L2MS with a 600 ns
delay between desorption and ionization. Power densities of 1.5 3
107 W/cm2 for CO2 laser (10.6 mm) and 4.34 3 10
6 W/cm2 for
Nd:YAG (266 nm) laser. Mass peaks not labeled are believed to be
alkylated-PAH or heterocyclic compounds.
Figure 4. PAH skeletons corresponding to the mass-to-charge of
peaks detected in Figures 3B and 5B using the L2MS experiment.
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the ion peaks in the L2MS spectra are because of PAH
components, making the 266-nm ionization wavelength
a particularly efficient PAH probe. Previous experi-
ments performed with the ATOFMS system using lab-
oratory generated PAH particles demonstrate that the
sensitivity to PAH compounds is on the order of 10218
mol with a similar signal-to-noise ratio as the peaks in
Figure 3. The usefulness of 266 nm as a PAH probe in
L2MS has also been demonstrated by Kovalenko et al.
for the analysis of meteoritic residues [16].
Similar results to those shown in Figure 3 were
obtained when wood smoke was introduced into the
ATOFMS system. These results are shown in Figure 5.
Figure 5a shows a representative spectrum of a single
wood smoke particle that has been desorbed and ion-
ized by a single UV pulse at a power density of 1 3 107
W/cm2. The fragmentation is extensive, with very little
chemical information in the higher mass range. This is a
very similar result to that obtained for LDI of cigarette
smoke particles where C2–C6
1 ions make up the major-
ity of the species detected.
Figure 5b shows a typical single wood smoke parti-
cle mass spectrum obtained using the L2MS technique
with a 1 ms delay time between 10.6 mm and 266 nm
pulses. Laser power densities were 5 3 107 and 7 3 106
W/cm2, respectively. Several PAH compounds were
tentatively identified as alkylated PAH isomers at
m/z 5 192, phenanthrene or anthracene at m/z 5 178,
and fluorene at m/z 5 166. Fragmentation of the
chemical species in wood smoke particles (Figure 5b) is
more severe than that observed for cigarette smoke
(Figure 3b). This may be because of differences in the
particles’ chemical matrices.
The fact that several of the ion peaks are quite
reproducible from shot to shot suggests that combina-
tions of peaks can be used to identify a particular source
for each specific particle. This is demonstrated by
comparing the L2MS mass spectrum obtained for ciga-
rette smoke in Figure 3b with that obtained for wood
smoke in Figure 5b. Since the combination of major
PAH components in each type of smoke particle differs,
typically m/z 5 166, 178, and 192 for wood smoke, and
m/z 5 128, 178, 202, 216, and 228 for cigarette smoke,
it should be possible to identify particles from these
sources in ambient sampling using the combination of
L2MS and ATOFMS.
Conclusion
The results presented in this article provide mass spec-
tral data of organic species desorbed and ionized from
individual particles, showing the potential for coupling
L2MS with ATOFMS for organic particle analysis in real
time. In particular, ionization of the two smoke samples
with 266-nm radiation resulted in a dramatic increase in
the ability to detect PAH compounds that, even though
in relatively low abundance, are efficiently ionized
providing relatively high ion yield.
Using a Nd:YAG laser at 266 nm for ionization,
PAHs can be identified and detected in particles with a
high degree of sensitivity. One of our goals is to use
ATOFMS for tracer identification of organic particles in
the ambient atmosphere. The ability to consistently
produce and detect markers from a given source is
essential in the identification of particles from different
sources.
Ultimately, by using a shorter wavelength, such as
the fifth or ninth harmonic of a Nd:YAG (212 and 118
nm, respectively), L2MS coupled with ATOFMS could
become generally useful for organic particle analysis.
One can also use it as a selective analytical tool by
choosing a wavelength to match the resonant absorp-
tion of a specific molecule, allowing for the identifica-
tion of a specific chemical compound in a complex
matrix [30]. There are a variety of applications where
one can use L2MS for analyzing organic components in
single particles, including atmospheric particle charac-
terization, semiconductor processing, indoor air quality
monitoring, pharmaceutical analysis, and chemical and
biological warfare detection.
Figure 5. Individual wood smoke particles. (A) Mass spectrum
of wood smoke particle obtained by single laser desorption. Power
density was 1.2 3 107 W/cm2. As in the cigarette smoke spectrum,
the wood smoke is dominated by low mass organic fragments. (B)
Using L2MS with 1.0 ms delay between desorption and ionization.
Power densities of 5.4 3 107 for CO2 laser (10.6 mm) 7 3 10
6
W/cm2 for the Nd:YAG laser (266 nm).
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